ABSTRACT The aim of this study was to evaluate the hepatoprotective effect of silymarin in diets contaminated or not with aflatoxin B 1 (AFB 1 ) on the productive performance and serum biochemical profile of Japanese quail (Coturnix coturnix japonica) in the laying phase. A total of 240 12-week-old Japanese quail was used in a completely randomized design in a 3 × 2 factorial scheme (additives x contaminated or not with AFB 1 -1,500 μg/kg), totaling 6 treatments and 5 replicates of 8 birds each. The additives used were silymarin (500 g/ton), adsorbent (1 kg/ton), and a control diet (without additive). Of the total aflatoxin content, 84.64% was AFB 1 ; 4.28% was AFB 2 ; 11.07% was AFG 1 ; and AFG 2 was not detected. The data were submitted to ANOVA, and means were compared by Tukey's test. There was no interaction (P > 0.05) between the additive and AFB 1 on performance parameters. However, the inclusion of AF in diets reduced (P < 0.05) egg weight and feed intake, impairing feed conversion compared to the unchallenged groups. There was an increase (P < 0.05) in blood concentrations of aspartate aminotransferase (AST), gamma-glutamyltransferase (GGT), and creatine kinase (CK) in birds challenged with AFB 1 , regardless of the additive used, characterizing a possible alteration in hepatic metabolism. Serum total protein and globulin levels were reduced (P < 0.05) in birds challenged with toxins. The consumption of diets contaminated with 1,500 μg AFB 1 /kg altered hepatic function in quail, impairing productive performance and egg weight. The concentrations of silymarin and adsorbent evaluated in this study were not able to mitigate the negative effect of toxins on the metabolism and performance of laying quail.
INTRODUCTION
Quail production has become part of the poultry industry due to the rapid development of new production technologies. Previously, quail production was considered a subsistence activity, but it currently occupies a highly technical scenario with promising productivity (Bertechini, 2012) . Like any other animal production system, success usually depends on animal quality, sanitary control, handling, and feeding. Nutrition is one of the most important factors in maintaining the physical and sanitary conditions of birds for normal growth and good egg production (Moraes and Ariki, 2000) .
The mycotoxins that are usually found in grains and mainly in corn, which is used as the main energy source in poultry feeds (representing approximately 65 to 70% of the diet), can cause major economic losses by reducing productivity. The literature recommends different treatments to reduce the impact of mycotoxins on poultry (adsorbents, organic acids, yeasts, and sulfur amino acids) (Santurio, 2000; Santin et al., 2006) . However, these products are not fully effective, since some toxins, such as aflatoxins, are thermostable (resistant to temperatures up to 200
• C and not affected by cold), resistant to some chemicals, soluble in polar solvents (chloroform and methanol), and insoluble in fats and oils, as well as being odorless and tasteless (Tessari and Cardoso, 2012) .
Intestinal cells are the first cells exposed to toxins after ingestion of contaminated feed, and aflatoxins are primarily biotransformed in the liver by microsomal mixed-function oxidase enzymes (Biehl and Buck, 1987) . Aflatoxins are rapidly absorbed by passive diffusion through the intestine, spreading throughout the body. Within 3 h after ingestion, aflatoxin B 1 and B 2 can be found in all tissues, especially the gizzard and liver (Ramos and Hernandez, 1996) . The liver is an important organ that has a key role in the maintenance of homeostasis. It is responsible for physiological processes, such as energy generation and the metabolism of carbohydrates, proteins, and lipids. The liver is the primary organ involved in the biotransformation of food toxicants and drugs, resulting in a variety of liver disorders (Surai, 2015) .
The use of natural hepatoprotectors to minimize toxic effects and impaired liver function has been evaluated, with the aim of preventing lipid peroxidation in the cell membrane and increasing the production of new liver cells to replace damaged cells. Silymarin, extracted from the Silybum marianum plant, contains various flavonolignans (silybin, isosilybin, silychristin, and silydianin). Silybin is the predominant active ingredient in silymarin, and has been known for yr to have antioxidant properties and chemoprotective effects on the liver in human medicine and, more recently, in some animal models .
Silymarin has both hepatoprotective and regenerative actions, with a reduction of the free radicals formed by toxins that damage the cell membranes and competitive inhibition through hepatocyte external cell membrane modification. Silymarin metabolically stimulates hepatic cells and activates the RNA synthesis of ribosomes to stimulate protein formation (Vargas-Mendoza et al., 2014) .
The free radical scavenging and antioxidant properties of silymarin have been demonstrated by its restoration of the endogenous antioxidant enzymes (SOD, GSH-Px, and CAT) and non-enzymatic antioxidants (vitamins E and C) in the liver of stressed animals (Pradeep et al., 2007) ; decreased lipid and protein oxidation; decreased DNA fragmentation and apoptosis (Upadhyay et al., 2010) ; and reduced secretion of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) from the liver into the plasma due to hepatic injuries caused by free radicals (Amiridumari et al., 2013; Sherif and Al-Gayyar, 2013) .
In view of the above, the aim of this study was to evaluate the effect of dietary silymarin on the productive performance and serum biochemical profile of Japanese quail challenged with aflatoxin B 1 .
MATERIAL AND METHODS

Diets and Experimental Design
A total of 240 12-week-old Japanese quail (Coturnix coturnix japonica) was housed in galvanized wire cages (35 × 25 × 20 cm) with a trough-type feeder and nipple drinker in a conventional shed equipped with roll-up curtains. The experimental period lasted 60 days. The experimental design was completely randomized in a 3 × 2 factorial arrangement (additives x contaminated or not with AFB 1 -1,500 μg/kg), totaling 6 treatments and 5 replicates of 8 birds each (n = 40 per treatment). The additives used were silymarin (500 g/ton), adsorbent (1 kg/ton), and a control diet (without additive). Silymarin at 84.91% was purchased from a single compounding pharmacy, following extraction from the seeds of the plant Silybum marianum L. (Lot number 14094913E/2014). The adsorbent used was composed of phosphorylated beta-glucans, extracted from the cell wall of Saccharomyces cerevisiae yeast, and combined with natural sodium aluminosilicates and activated charcoal (Yes Fix, YesSinergy Agroindustrial Ltda., São Paulo, Brazil). The experimental diets were corn-soybean meal based and formulated according to nutritional requirements determined by Silva and Costa (2009) and feed composition tables according to Rostagno et al. (2011) ( Table 1 ). The mineral-vitamin supplement was free of any antioxidant substance.
The aflatoxin (AF) mix was produced by cultivating Aspergillus parasiticus NRRL2999 (ARS culture collection, US Department of Agriculture), according to the methodology described by Shotwell et al. (1966) , at the Laboratory of Food Microbiology and Mycotoxicology, Faculty of Animal Science and Food Engineering of the University of São Paulo, FZEA/USP/Pirassununga. Of the total AF content, 84.64% was AFB 1 ; 4.28% was AFB 2 ; 11.07% was AFG 1 ; and AFG 2 was not detected. The AF mix was incorporated into diets to give a concentration of 1,500 μg/kg of AFB 1 , and the remainder was stored throughout the experimental period in dark plastic buckets with lids.
The AF mix concentration (B 1 , B 2 , G 1 , and G 2 ) and the diet samples were done using Afla Test WB R immunoaffinity columns according to the manufacturer's instructions (Vicam, Watertown, USA) and a highperformance liquid chromatography (HPLC) system, with some modifications as described below. The samples of feed were first homogenized and mashed. Then, 5 g NaCl and 100 mL of methanol:water (80:20) were added to each sample (25 g) and homogenized in a mixer for 3 min, followed by filtration. A total of 10 mL of 0.01 M phosphate buffer solution was added to 0.5 mL filtrate, and the solution was passed through the immunoaffinity column with a flow rate of one to 2 drops per second, followed by washing the column with 15 mL of 0.01 M phosphate buffer solution. Elution of AF was achieved by passing 1.5 mL of methanol through the column. The eluate was collected in a 2 mL sample vial and evaporated to dryness under N 2 flow. The residue was derivatized by 25 μL of trifluoroacetic acid and resuspended with 975 μL of acetonitrile:water (2:8), giving a total volume of 1 mL. The solution was mixed in a vortex for one min, and 50 μL of the derivatized extract were injected into the HPLC system. Separation and quantification of AF were conducted in a Shimadzu Prominence LC-20A HPLC system (Shimadzu Corporation, Kyoto, Japan) equipped with a Shimadzu SPD-20A fluorescence detector (excitation 350 nm and emission 450 nm) and HyperClone R column 4.6 × 100 mm (Phenomenex, Torrance, CA), preceded by a pre-column (5 μm) 4 × 10 mm. A total of 50 μL of the sample was injected using water:methanol:acetonitrile (540:100:100) as the mobile phase, with a flow rate of 1.0 mL per minute. AF quantification in the samples was performed by comparing the areas of the chromatographic peaks obtained using the regression equation of the calibration curve.
The AFB 1 , AFB 2 , AFG 1 , and AFG 2 standards were purchased from Sigma Aldrich (Aflatoxin Mix Solution Oekanal R 20 μg/mL B 1 , G 1 , B 2 , G 2 in acetonitrile, Sigma Aldrich, St. Louis, MO) and prepared to obtain concentrations of 1, 5, 10, and 20 ng/mL of each toxin. Quantities corresponding to each concentration were evaporated to dryness under N 2 flow. Following this, the content was then derivatized with 25 μL trifluoroacetic acid and resuspended with 975 μL of acetonitrile:water (2:8) to give a final volume of 1 mL. The solution was mixed in vortex for one min, and 50 μL of each standard solution were injected into the HPLC system.
To evaluate the efficiency of the methodology, recovery assays were performed in samples artificially contaminated with 5 and 20 μg AF/kg. Samples were prepared in triplicate for each AF level and submitted to the described method in order to obtain the contamination recovery rate and the coefficients of variation.
Birds were fed ad libitum throughout the rearing period on a 16-hour light schedule. The maximum and minimum temperatures recorded daily inside the shed were 29.70 and 21.50
• C, respectively, as measured with a mercury thermometer.
Productive Performance
The productive performance parameters (egg production, feed intake, and feed conversion) were measured every 15 d, over the entire production cycle. The total evaluation period lasted 60 days. Egg weight, per experimental unit, was measured weekly on a precision scale throughout the experimental period. Egg production was recorded daily to determine laying percentage. Feed intake was calculated as the difference between feed offered and left over, per experimental plot, in each production cycle. Feed conversion was calculated by the ratio between the average feed intake per egg mass (kg:kg) and per dozen eggs (kg:dz). The mortality of the birds was recorded for feed conversion adjustments as well as to study the final viability.
Serum Biochemistry
On d 60 of the trial, blood samples were taken from the jugular vein of 2 birds per experimental unit (10 birds/treatment; n = 10). Subsequently, the samples were centrifuged at 3,000 rpm x 10 min at 4
• C and stored at -80
• C until the biochemical analysis of the enzymes [ALT, AST, gamma-glutamyltransferase (GGT), and creatine kinase (CK)], total protein (TP), albumin (ALB), uric acid, and urea. Globulin concentration was calculated by subtracting albumin from total protein ([GBL] = [TP]-[ALB]). The analyses were performed using monochromatic and bichromatic spectrophotometry (Bioplus Bio-2000) , according to the manufacturer's instructions for each kit (Gold Analisa Ltda, Belo Horizonte, Minas Gerais, Brazil) following the procedures described by Tietz (1986) .
Statistical Analysis
All data were submitted to ANOVA for a completely randomized design, using the GLM procedure of SAS software (SAS Institute, 2002) . The model included the main effect of AFB 1 concentration, additives, and their interaction. The averages were compared by Tukey's test at 5% significance.
RESULTS AND DISCUSSION
The AF concentrations (B 1 , B 2 , G 1 , and G 2 ) in the contaminated experimental diets are presented in Table 2 , confirming the probable toxicity of diets. The limit of detection was 0.2 μg/kg, and the limit of quantification was 0.4 μg/kg. The intended concentration of AFB 1 in the contaminated diets was reached; however, the diet containing silymarin presented higher toxicity than the other diets.
Productive Performance
The results obtained for productive performance are shown in Table 3 . There was no interaction (P > 0.05) between factors (additives and AFB 1 ) for the evaluated characteristics, demonstrating that the silymarin and the adsorbent levels utilized were not able to mitigate the effect of the AFB 1 concentration used. However, the silymarin group produced 0.58% more eggs than the control group, despite receiving an additional 135 μg AFB 1 /kg in the diet. There was an isolated effect of AF (P < 0.05) on egg weight, egg production, feed intake, and feed conversion (kg:kg), demonstrating a high intoxication capacity with characteristic aflatoxicosis symptoms and worsening productive performance in birds.
The reduction in feed intake reduces nutritional supply, and much of the energy and nutrients absorbed are recruited to repair the damage caused by toxins, contributing to the decrease in egg production and egg size and, consequently, impairing feed conversion. Possible hepatic lesions alter lipid and plasma protein production, impairing yolk formation and egg weight (Lesson et al., 1995) . Despite the negative effect of AF on productive performance, the final viability during the experimental period was not affected, with one death each in the control and adsorbent groups, and none in the silymarin group. Oliveira et al. (2002) evaluated 7-week-old Japanese quail (Coturnix coturnix japonica) fed diets supplemented with 25, 50, and 100 μg AFB 1 /kg for 168 d, and reported a decrease in feed intake and egg weight for groups treated with the highest AFB 1 levels (50 and 100 μg/kg). The authors concluded that young birds are more sensitive to the toxic effects of AF regardless of breed, dose response, or exposure time. On the other hand, Salwa and Anwer (2009) , who studied 32-week-old laying hens treated with 25, 50, and 100 μg AFB 1 /kg of feed for 56 d, observed no change in egg production or weight. However, feed intake decreased in birds treated with the highest doses, consistent with the previous study.
Likewise, Abreu et al. (2008) evaluated dietary inclusions of AF at high levels (0, 1,000, and 2,000 μg/kg) associated with zearalenone (0 and 2,000 μg/kg) and adsorbent (0 and 0.1%) in 15-week-old Japanese quail for 56 days. An interaction was observed between AF levels and zearalenone on egg weight and feed conversion (kg:kg and kg:dz), and the worst results were found at high toxin levels. There was an isolated effect of AF on feed intake, egg production, and egg mass, with the lowest values for birds receiving 2,000 μg/kg in the diet. The adsorbent based on esterified glucomannan was not able to prevent the undesirable effects of the evaluated toxins on bird performance. Neeff et al. (2013) evaluated broilers fed a high concentration of AFB 1 (2,500 μg AFB 1 /kg and 0.5% aluminosilicate adsorbent) and reported a reduction in body weight and weight gain in birds at 21 d of age. The commercial adsorbent was not effective at preventing the effects of high AFB 1 . In turn, Tedesco et al. (2004) studied the effect of silymarin (complexed with phospholipids) in feeds contaminated with 800 μg AFB 1 /kg on broiler chickens from 14 to 49 d of age and observed a lower body weight and feed intake in the group fed a diet contaminated with AFB 1 compared to the other groups (control and silymarin + AFB 1 ). These results suggest that silymarin may be effective in controlling the negative effects of AFB 1 intoxication in poultry feeds.
The toxic effects of AF are dose and time dependent, resulting in acute or chronic intoxication. The acute toxic syndrome occurs after ingesting high levels of AF-contaminated feed, and the effects are observed within a short period, characterized mainly by impairment of the general state of health, such as loss of appetite, icterus, hemorrhage, and death (Osweiler, 1990 ). In chronic aflatoxicosis, which occurs after ingesting low levels of AF-contaminated feed over a long period, the most obvious clinical signs are the decrease in growth rate of young animals and immunosuppression (Leeson et al., 1995) .
Serum Biochemistry
With regard enzymatic serum levels, after 60 d of treatment, there was no interaction (P < 0.05) between the additives and AFB 1 for the parameters evaluated (Table 4) . On the other hand, there was an isolated effect (P < 0.05) of AFB 1 on AST, GGT, and CK levels, with an increase in enzymatic activity being indicative of liver damage caused by toxins that alter liver metabolism. The liver is the organ most involved in responding to intoxication, resulting in a series of changes in the metabolism of proteins, carbohydrates, and lipids. Hepatic fatty degeneration and the proliferation of the bile ducts induce serum changes, such as increased enzymatic activity, coagulopathies, and decreased protein production (Oliveira and Germano, 1997) .
The mean values observed in this study for transaminases (ALT and AST) were similar to those observed by Al-Daraji et al. (2010) (12. 12 U/L for ALT and 240.2 U/L for AST in the serum of Japanese quail fed different lipid sources). On the other hand, Scholtz et al. (2009) reported that AST ranged from 243 to 562 U/L and ALT from 4.5 to 8.5 U/L in the blood serum of 16-week-old Japanese quail, with great variation in chemical composition. In birds, normal AST activity is below 275 U/L, but AST values of 350 U/L represent moderate elevations, and values above 800 U/L are indicative of severe hepatocellular damage if accompanied by biliverdinuria or biliverdinemia (Allison, 2012) . In the current study, AST activity in quail can be considered normal from 222 to 284 U/L, despite AF contamination. Amiridumari et al. (2013) evaluated the effect of silymarin seed (0.5 and 1.0%) in diets for broilers from one to 21 d of age that were challenged with AFB 1 (250 and 500 μg/kg), and observed that silymarin was effective in preventing the negative effects of the highest AFB 1 level on serum AST concentrations (207.51 vs. 244.51 U/L). Similarly, Tedesco et al. (2004) found no difference in the concentrations of ALT, AST, or GGT in AFB 1 -challenged birds (800 μg/kg) and those supplemented with silymarin in relation to the control (nonchallenged) treatment. These results suggest that silymarin may be used to prevent the negative effects of AFB 1 in poultry feeds.
With regard to GGT, which is a membrane-bound enzyme associated with several organs such as kidneys, brain, intestine, and liver, its serum activity is elevated only by increased production and release by the hepatobiliary tissue, indicative of liver damage. It is more specific to biliary epithelium in birds than in mammals (Harr, 2002) . Therefore, the results obtained in this study suggest that liver damage was caused by AFB 1 (7.18 vs. 4.86 U/L in the non-challenged treatment). There was no interaction (P < 0.05) between the additives and AFB 1 for GGT; however, the numerical mean activity in the silymarin group was lower in relation to the other treatments. The antioxidant properties of silymarin could have minimized the secretion of GGT from the liver into the plasma due to hepatic injuries caused by reactive oxygen species.
As for CK, the increase in activity in birds infected with AFB 1 may be an attempt to deposit and maintain muscle protein caused by the inhibitory effect of the toxin on enzyme RNA polymerase. There were lower concentrations of total protein and serum globulin in quail contaminated with AF (Table 5 ). The impairment of protein synthesis in aflatoxicosis also was observed by Quezada et al. (2000) and Rosa et al. (2001) , who evaluated high AFB 1 concentrations (2,000 and 5,000 μg/kg, respectively) and reported a reduction in total protein and plasma ALB in broilers at 21 d of age. Likewise, Franciscato et al. (2006) found a decrease in the serum concentration of total proteins, ALB, and globulin in broiler chickens intoxicated with 3,000 μg/kg of AF in the diet, altering the hepatic function of birds at 42 d of age.
On the other hand, Del Bianchi et al. (2005) found no effect on protein, uric acid, or urea levels in chickens fed AFB 1 -contaminated diets (0, 50, 350, and 2,450 μg/kg) with or without fumonisin (1,000 μg FB 1 /kg). However, ALB content was lower in birds fed the highest level of AFB 1 combined with FB 1 . In another study, Chen et al. (2016) evaluated the interaction of crude protein concentration in the diet (16, 22, and 26% CP) in birds challenged or not with AFB 1 (1,500 μg/kg), and observed a reduction in total protein, ALB, and globulin serum concentrations in birds fed 16 and 22% CP, but not in birds fed 26% CP. The authors concluded that higher CP levels improved growth performance, serum protein, and nutrient digestibility regardless of AFB 1 in broilers from one to 20 d of age.
In a study conducted by Scholtz et al. (2009) to determine the reference values for serum biochemical parameters in 16-week-old male and female Japanese quail, the authors reported a mean value for total protein of 3.16 and 3.65 g/dL for males and females, respectively, similar to those observed in the current study. The variations in the serum biochemical profile observed when compared to the results found in the literature may be related to the different species and age of birds, and the timing and level of exposure to the toxins.
In conclusion, the results obtained show that the consumption of feed contaminated with 1,500 μg AFB 1 /kg alters hepatic function in quail, impairing productive performance and reducing egg weight. The concentrations of silymarin and adsorbent evaluated in this study were not able to mitigate the toxic effect of aflatoxins on metabolism and performance in laying quails. Other levels of silymarin should be evaluated in future studies.
